Rab11 is a small GTP-binding protein that in cultured mammalian cells has been shown to be concentrated in the pericentriolar endosomal recycling compartment and to play a key role in passage of the recycling transferrin receptor through that compartment [Ullrich, O., Reinsch, S., Urbé, S. To obtain insights into the site(s) of action of rab11 within the recycling pathway, we have now compared the effects on recycling at 37°C of overexpression of wild-type rab11 and various mutant forms of this protein in cells that had been loaded with transferrin at either 37°C or 16°C. We show that incubation at 16°C blocks passage of endocytosed transferrin into the recycling compartment and that, whereas the rab11 dominant negative mutant form (S25N) inhibits transferrin recycling after interiorization at either temperature, the wildtype rab11 and constitutively active mutant (Q70L) have no inhibitory effect on the recycling of molecules that were interiorized at 16°C. This differential inhibitory effect shows that two distinct pathways for recycling are followed by the bulk of the transferrin molecules interiorized at the two different temperatures. The incapacity of the constitutively active form of rab11 (Q70L) to inhibit recycling of molecules interiorized at 16°C is consistent with their recycling taking place directly from sorting endosomes, in a process that does not require hydrolysis of GTP on rab11. The fact that the dominant negative (S25N) form of rab11 inhibits recycling of molecules interiorized at both temperatures indicates that activation of rab11 by GTP is required for exit of transferrin from sorting endosomes, regardless of whether this exit is toward the recycling compartment or directly to the plasma membrane.
ABSTRACT
Rab11 is a small GTP-binding protein that in cultured mammalian cells has been shown to be concentrated in the pericentriolar endosomal recycling compartment and to play a key role in passage of the recycling transferrin receptor through that compartment [ To obtain insights into the site(s) of action of rab11 within the recycling pathway, we have now compared the effects on recycling at 37°C of overexpression of wild-type rab11 and various mutant forms of this protein in cells that had been loaded with transferrin at either 37°C or 16°C. We show that incubation at 16°C blocks passage of endocytosed transferrin into the recycling compartment and that, whereas the rab11 dominant negative mutant form (S25N) inhibits transferrin recycling after interiorization at either temperature, the wildtype rab11 and constitutively active mutant (Q70L) have no inhibitory effect on the recycling of molecules that were interiorized at 16°C. This differential inhibitory effect shows that two distinct pathways for recycling are followed by the bulk of the transferrin molecules interiorized at the two different temperatures. The incapacity of the constitutively active form of rab11 (Q70L) to inhibit recycling of molecules interiorized at 16°C is consistent with their recycling taking place directly from sorting endosomes, in a process that does not require hydrolysis of GTP on rab11. The fact that the dominant negative (S25N) form of rab11 inhibits recycling of molecules interiorized at both temperatures indicates that activation of rab11 by GTP is required for exit of transferrin from sorting endosomes, regardless of whether this exit is toward the recycling compartment or directly to the plasma membrane.
Many plasma membrane receptors involved in the uptake of extracellular ligands by endocytosis are capable of undergoing multiple cycles of delivery of their ligands to the endosomal system (1) . After their internalization via clathrin-coated pits, all receptor-ligand complexes are delivered to peripheral tubulovesicular sorting endosomes, where dissociation of the ligands from the receptors is induced by the acidic pH of the endosomal lumen (2) . The bulk of the dissociated ligands (e.g., low density lipoprotein, ␣ 2 -macroglobulin) and nonrecycling receptors destined for lysosomal degradation remain in the vesicular portion of the sorting endosome that eventually matures into a late endosome (3) . On the other hand, receptors that undergo recycling are concentrated in tubular extensions of the sorting endosome (4) . There is evidence (see refs. 5 and 6) that some receptor molecules can be returned directly from the sorting endosome back to the plasma membrane (direct recycling). The bulk of the receptor population, however, before returning to the plasma membrane, is transferred to a distinct recycling compartment, which is not accessible to ligands and receptors destined for lysosomal degradation (2) . In many cell types [e.g., BHK and Chinese hamster ovary (CHO) cells], this early endosomal subcompartment consists of a juxtanuclear pericentriolar long-lived collection of membranous tubular elements (5, 7). It appears that not all recycling receptors that reach the pericentriolar compartment proceed from there to the plasma membrane (anterograde pathway) but that some also may be sent back to sorting endosomes (8) , from where they could enter the direct recycling pathway. Although the pathways followed by recycling receptors are reasonably well established, the molecular mechanisms that maintain and regulate receptor flow through the various subcompartments of the early endosome system remain to be elucidated.
Small GTPases of the rab family have characteristic subcellular distributions and are known to be regulators of membrane traffic between organelles (reviewed in ref. 9 ). Specific rab proteins have been implicated in the control of various steps within the endocytic and recycling pathways (see ref. 1). Thus, rab4 is located in early sorting endosomes, and it has been proposed that it may regulate the direct recycling of receptors back to the plasma membrane (1, 6) . Rab5 also is associated with sorting endosomes, as well as with the plasma membrane and clathrin-coated vesicles, and it has been shown to regulate endocytosis in vivo, as well as the homotypic fusion between early endosomes in vitro (10, 11) . Rab7 is found primarily on late endosomes and is thought to regulate transport from early endosomes to late endosomes and lysosomes (12, 13) . Finally, rab9, which is associated with late endosomes and the trans-Golgi network, may control transport of the mannose-6-phosphate receptor (M6PR) from the former back to the latter (14, 15) .
Rab11 originally was reported to be associated with Golgi membranes, including the trans-Golgi network and secretory vesicles (16) . The demonstration that, in gastrointestinal epithelial cells and in particular in the parietal cells of the stomach, rab11 is concentrated in subapical tubular vesicular structures led to the suggestion that it may play a role in the cycling of proteins through the apical plasma membrane (17, 18) . Recently, it was shown that rab11 is highly concentrated in the pericentriolar recycling endosomal compartment in CHO and BHK cells and that it plays a key role in passage of the recycling transferrin receptor through that compartment (19) . We have now studied the effect of the expression of rab11 mutants on the transferrin recycling capacity of cells that, in a previous incubation, had been allowed to interiorize transferrin under conditions that normally allow the accumulation of this marker in the recycling compartment or in proximal peripheral endosomes. Our observations suggest that activation of rab11 is required not only for entrance of transferrin into the recycling compartment but also for direct recycling from the sorting endosome itself to the cell surface. On the other hand, GTP hydrolysis on rab11 does not seem to be necessary for the latter step-as it is for transport of transferrin from the pericentriolar recycling endosomes to the plasma membrane.
MATERIALS AND METHODS
Cell Lines. TRVb cells, a mutant cell line of CHO cells lacking a functional endogenous transferrin receptor, and TRVb-1 cells, a TRVb subline stably expressing the human transferrin receptor (20) , were cultured in Ham's F-12 medium supplemented with 5% fetal bovine serum and antibiotics.
Antibodies. Rabbit antibodies to rab11 were raised against a peptide (HVPPTTENKPKVQC) within the C-terminal region (residues 199-212) of rab11. The antibodies were affinitypurified by using immobilized recombinant rab11 produced in Escherichia coli. Texas Red-conjugated donkey anti-rabbit IgG was obtained from Jackson ImmunoResearch.
Ligands. Human holo-transferrin (Sigma) was iodinated (2-6 ϫ 10 6 cpm͞g) with Iodogen (Pierce) and carrier-free Na 125 I (NEN). Fluorescein isothiocyanate (FITC)-conjugated human transferrin was obtained from Molecular Probes.
Construction of Expression Plasmids. The human transferrin receptor (hTfR) cDNA in clone pCDTR1 (21) and the human rab11 cDNA in clone YL8 (22) were subcloned into the vector pcDNA3 (CLONTECH). The following rab11 mutants were constructed with the ''Altered Sites'' site-directed mutagenesis kit (Promega, Madison, IL) and recloned into pcDNA3: rab11-Q70L, an ''active'' mutant, which is GTPase defective; rab11-S25N, a dominant negative mutant, which does not bind GTP; rab11-⌬C, in which Asn-211 was changed to a stop codon, which eliminates the six C-terminal amino acid residues and prevents prenylation. All mutations were confirmed by sequencing the entire coding region of each mutant cDNA.
Transfections. For transferrin receptor recycling assays, TRVb cells grown to 80% confluence in 150-mm diameter dishes were cotransfected with 8 g of pcDNA3-hTfR and 10 g of pcDNA3-Rab11 (wild-type or mutant) by using LipofectAmine (Life Technologies, Gaithersburg, MD). Twenty hours posttransfection, the cells were trypsinized and replated into a set of 6-well (35-mm diameter) dishes at the confluent density, to be used for the recycling assays 24 h later. For immunofluorescence microscopy, TRVb-1 cells grown to 70% conf luence on coverslips were transfected using LipofectAmine with the pcDNA3 plasmids containing the wildtype or mutant rab11 cDNAs and were processed 40 h posttransfection.
Immunof luorescence Microscopy. To determine the steadystate distribution of transferrin and rab11 by double-labeling, TRVb-1 cells expressing wild-type or mutant rab11 were grown on coverslips, washed twice with (and preincubated for 60 min at 37°C in) serum-free Ham's F-12 medium containing 0.1% BSA and 20 mM Hepes (pH 7.4). The coverslips were then washed with Hanks' balanced salt solution containing 20 mM Hepes (pH 7.4) and incubated for 60 min at 37°C or at 16°C with FITC-conjugated human transferrin (200 g͞ml) in the Hepes-buffered serum-free medium. After three washes in PBS (at 37°C or at 16°C, respectively), the cells were fixed with 3% paraformaldehyde in PBS (pH 7.4) for 60 min, and free aldehyde groups were quenched with 0.05 M NH 4 Cl in PBS for 10 min, followed by permeabilization and blocking for 20 min with 0.05% saponin in PBS containing 0.5% BSA. Primary anti-rab11 antibody diluted in the permeabilization buffer was applied to the cells for 6 h at room temperature or overnight at 4°C. The cells were washed and incubated for 90 min at room temperature with Texas Red-conjugated donkey anti-rabbit F(abЈ) 2 antibody diluted 1:200 in the permeabilization buffer. The coverslips were washed with permeabilization buffer and PBS, mounted in Prolong (Molecular Probes), and examined with a Zeiss Axiophot photomicroscope.
Kinetic Analysis of Transferrin Recycling. Two days after transfection, TRVb cells grown in 6-well 35-mm dishes were washed twice with and preincubated for 1 h at 37°C in serum-free Ham's F-12 medium supplemented with 0.2% BSA. They then were incubated for 1 h at 37°C or at 16°C with 3 g͞ml 125 I-labeled human transferrin in serum-free Ham's F-12 medium supplemented with 0.2% BSA and 20 mM Hepes (pH 7.4). The cells then were washed twice with ice-cold Hanks' balanced salt solution containing 20 mM Hepes (pH 7.4), and surface-bound transferrin was removed by incubation for 15 min at 4°C in 2 ml of 150 mM NaCl, 1 mM CaCl 2 , and 20 mM sodium acetate buffer (pH 4.6), followed by three washes with ice-cold Hanks' balanced salt solution containing 20 mM Hepes (pH 7.4) and 100 M deferoxamine mesylate. They then were incubated in 1 ml of serum-free Ham's F-12 medium supplemented with 0.2% BSA, 20 mM Hepes (pH 7.4), 100 g͞ml unlabeled human transferrin, and 100 M deferoxamine mesylate for 5 min at 4°C and then warmed to 37°C to allow internalized transferrin to recycle. At various times, the incubations were stopped by placing the culture dishes on ice and immediately adding 2 ml of ice-cold Hanks' balanced salt solution to each well. The medium was collected, the cells were solubilized in 1 M NaOH, and the radioactivity in both samples was determined by ␥-counting.
RESULTS

Activation of Rab11 Is Required for Delivery of Transferrin from Sorting Endosomes to the Pericentriolar Recycling
Compartment. Fluorescently labeled transferrin is a useful marker to monitor the itinerary that a recycling receptor follows during endocytosis and its return to the cell surface (2) . To study the role of rab11 in these processes, we examined the effect of the transient expression of wild-type or mutant rab11 proteins on the distribution of FITC-transferrin in TRVb-1 cells that were allowed to endocytose the marker for 1 h at 37°C. TRVb-1 cells are CHO-derived cells that lack the endogenous hamster transferrin receptor but permanently express the human receptor (20) . Previous work has shown (see ref. 1) that transferrin recycling in CHO cells proceeds with a t 1͞2 of Ϸ20 min so that, in control cells, this loading procedure should yield a nearly steady-state distribution of the labeled ligand within the different subcompartments of the early endosome system. As shown in Fig. 1A , in cells expressing the wild-type rab11, the endocytic marker was highly concentrated in the juxtanuclear region (long arrow) that corresponds to the pericentriolar recycling compartment, which in control cells contains the vast majority of the intracellular receptor molecules (23) . FITC-transferrin was also present in many vesicles distributed throughout the cytoplasm (Fig. 1 A, arrowhead), which were the only structures labeled within the first few minutes of internalization (not shown) and must correspond to sorting endosomes (3) . Confirming the observations of Ullrich et al. (19) , in these cells, the pericentriolar compartment also could be labeled intensely with antibodies to rab11 (Fig. 1B, long arrow) . Expression of the dominant negative (GDP) form of rab11 (S25N) greatly diminished the accumulation of transferrin in the pericentriolar recycling compartment (Fig. 1E) , whereas expression of the constitutively active (GTP) form of rab11 (Q70L) led to a marked accumulation of transferrin in that compartment (Fig. 1C, arrow). Immunofluorescence with the anti-rab11 antibodies also revealed that the dominant negative (S25N) (Fig. 1F ) and constitutively active (Q70L) (Fig. 1D ) forms of rab11 themselves had strikingly different distributions, with the former being highly dispersed in the cytoplasm and the latter concentrated in the pericentriolar region (Fig. 1D , long arrow), as in cells expressing the transfected (Fig. 1B, long arrow) or endogenous wild-type rab11 (Fig. 1D, short arrow) . A Cterminally deleted form of rab11 (⌬C) that cannot be prenylated and therefore cannot associate with membranes had, as expected, a diffuse cytoplasmic distribution (Fig. 1H) . Expression of this mutant did not affect the accumulation of transferrin in the recycling compartment (Fig. 1G) . Thus, we conclude, in agreement with Ullrich et al. (19) , that an active form of rab11 is required for passage of recycling receptors from peripheral endosomes to the pericentriolar recycling compartment. The Constitutively Active (Q70L) and Wild-Type Forms of Rab11, as well as the Dominant Negative Mutant (S25N), Inhibit Recycling of Transferrin Molecules Interiorized for 1 h at 37°C. We also examined the effect of the overexpression of the wild-type and rab11 variants on the capacity of cells to recycle interiorized transferrin. For these experiments, we used the TRVb CHO-derived cell line, which lacks the endogenous transferrin receptor and in which the human receptor was expressed transiently together with wild-type rab11 or the individual rab11 mutants. This approach ensured that only those cells that express the exogenous rab11 proteins, whose effects we were attempting to determine, were capable of endocytosis and recycling of transferrin. The doubly transfected cells were allowed to endocytose 125 I-labeled human transferrin during a 1-h incubation at 37°C, and then the return of the labeled transferrin into the medium was measured during a subsequent chase incubation at the same temperature (Fig. 2) . As mentioned above, under these labeling conditions, the bulk of the ligand and its receptor should be present in the recycling compartment. In cells expressing the transferrin receptor but no exogenous rab11 ( Fig. 2; Table 1 ), transferrin was recycled to the medium with a t 1͞2 of Ϸ12 min (K r ϭ ), which agrees with its reported t 1͞2 for exit from the recycling compartment (see ref. 1). Expression of the wild-type (Fig. 2 A) or of the constitutively active (Q70L) (Fig. 2B) or dominant negative (S25N) (Fig. 2C) forms of rab11 each caused a substantial inhibition of transferrin recycling, decreasing the rate constant by 38%, 40% and 59%, respectively (Table 1 ). It is noteworthy that overexpression of the truncated mutant (rab11-⌬C) that cannot be prenylated had only a negligible effect on transferrin recycling (Fig. 2D) , which confirms that membrane association of rab11 is required for it to participate in the molecular interactions that regulate recycling. Immunoblot and immunofluorescence microscopy analyses (not shown) demonstrated that, except for rab11⌬C, which was expressed at 5-fold higher levels, wild-type rab11 and the two other mutants were expressed at comparable levels and that the transfection efficiencies (i.e., percentage of cells expressing the exogenous proteins) were similar (Ϸ35%) for all of the rab11 variants. It can, therefore, be concluded that the differences in transferrin recycling kinetics observed in cells expressing the various rab11 proteins are due to specific effects that they had on the function of the recycling apparatus.
The Recycling of Transferrin Molecules Interiorized During a Prolonged Incubation at 16°C Is Inhibited by Expression of the Dominant Negative Mutant (S25N) but Not by the Wild-Type or Constitutively Active (Q70L) Forms of Rab 11.
To investigate possible effects of the rab11 mutants on the direct recycling of transferrin from sorting endosomes to the cell surface, we attempted to devise labeling conditions that would preferentially load the earliest subcompartments of the recycling pathway and, hence, increase the fraction of internalized transferrin molecules that could return directly to the cell surface. Temperatures lower than 20°C have been shown to prevent recycling (24) and transcytosis (25, 26) , as well as to block progression of endocytosed material along the endocytic pathway (see, e.g., refs. 27 and 28) and the transfer of endocytosed synaptic vesicle proteins to the perinuclear region (29), so we determined whether a low temperature would prevent transport of transferrin receptors from sorting endosomes to the pericentriolar compartment. This prevention was, in fact, observed in untransfected cells, as well as in transfected cells that expressed the wild-type or mutant rab11 proteins and were incubated at 16°C for 1 h with labeled transferrin (Fig. 3) . In all cases, the tracer remained dispersed in peripheral endosomes (Fig. 3 A, C , E, and G, arrowheads) and did not reach the pericentriolar recycling compartment. The 16°C incubation, however, did not affect the distributions of the various rab11 proteins (Fig. 3 B, D, F, and H) , which were similar to those observed at 37°C: The wild-type (Fig. 3B ) and constitutively active (Q70L) (Fig. 3D ) rab11 forms were still concentrated in the pericentriolar region, whereas the dominant negative rab11 (S25N) was mainly present in vesicles distributed throughout the cytoplasm (Fig. 3F) . The truncated rab11 (⌬C) again had a diffuse cytoplasmic distribution (Fig.  3H) .
The recycling of transferrin molecules that had been interiorized at 16°C was measured after transfer of the cultures to 37°C (Fig. 4) . In cells expressing the GDP form of rab11 (S25N) (Fig. 4C) , this recycling was inhibited to the same extent (decrease of K r by 55%) as in cells that expressed the same mutant but had been loaded at 37°C (Table 1) . In striking contrast, however, expression of the wild-type rab11 (Fig. 4 A) or of the constitutively active rab11 (Q70L) (Fig.  4B) had only minor inhibitory effects (18% and 12%, respectively, Table 1 ) on the recycling of transferrin that had been interiorized at 16°C. We, therefore, conclude that the bulk of the interiorized molecules that at 16°C were prevented from reaching the pericentriolar compartment, upon transfer to 37°C, followed a pathway to reach the cell surface that requires activation of rab11 (hence the marked inhibitory effect of rab11-S25N) but not hydrolysis of its bound GTP. FIG. 3 . FITC-transferrin molecules endocytosed at 16°C do not reach the pericentriolar recycling compartment in which rab11 is concentrated. TRVb-1 cells that express the human transferrin receptor were transfected, as in Fig. 1 , with the various rab11 plasmids indicated on the left of each pair of panels. The cells grown on coverslips were allowed to take up FITC-transferrin (FITC-Tf) for 1 h at 16°C, before processing, as in Fig. 1 , for double immunofluorescence to localize internalized transferrin (left panels) and rab11 (right panels). The long arrows indicate the pericentriolar recycling compartment identified by the high concentration of rab11. Short arrows point to the recycling compartment in untransfected cells within the same cultures, and the arrowheads point to cytoplasmic vesicles containing both markers. Note that in all cases (left panels), FITCtransferrin is distributed in cytoplasmic vesicles and is not concentrated in the pericentriolar compartment, which in B and D is intensely labeled with anti-rab11 antibodies. First order rate constants (Kr) for transferrin recycling were determined from the data in Figs. 2 and 4 and are presented as the means Ϯ SE of two separate experiments. The middle column gives the recycling rate constants at 37°C for transferrin molecules interiorized at 37°C [Kr (37°C § 37°C)], and the rightmost column gives the rate constants for molecules interiorized at 16°C [Kr(16°C § 37°C)].
DISCUSSION
We have examined the effects of overexpressing wild-type rab11 or its dominant negative (S25N) and constitutively active (Q70L) mutant forms on the capacity of cells to recycle transferrin molecules that had been interiorized during a previous incubation at either 37°C or 16°C. We found, in agreement with previous observations (2) , that transferrin molecules interiorized during 1-h incubation at 37°C are highly concentrated in the pericentriolar recycling compartment, which at a steady-state has been estimated to contain 80% of the interiorized ligand (30) . This compartment, however, was not reached by transferrin molecules that were taken into the cell at 16°C, which accumulated in peripheral punctate structures that are likely to correspond to sorting endosomes. Cells expressing the dominant negative (S25N) form of rab11 were impaired substantially in their capacity to recycle at 37°C interiorized transferrin, irrespective of whether the prior interiorization of this marker had taken place at 37°C or at 16°C. On the other hand, cells expressing either the wild-type or the constitutively active (Q70L) form of rab11 were only significantly impaired in their capacity to recycle transferrin molecules that had been interiorized at 37°C and were almost as efficient as control cells in the recycling of molecules that had been taken in at 16°C. These observations provide direct evidence for the existence of two distinct pathways for recycling of interiorized molecules to the cell surface, one that includes passage through the recycling compartment and is followed by the bulk of the molecules interiorized at 37°C and another that involves direct transfer from sorting endosomes to the cell surface and is followed by the bulk of the molecules accumulated at 16°C.
Our findings with CHO cells loaded to the steady-state with transferrin at 37°C are in agreement with those of Ullrich et al. (19) , who studied transferrin recycling in BHK cells that had interiorized the marker during a 5-min pulse, followed by a 30-min chase incubation to load the pericentriolar compartment. Like us, these authors observed that the strongest inhibitory effect was caused by the dominant-negative (GDP) mutant form of rab11, which also prevented the marker from reaching the pericentriolar compartment. This result led Ullrich et al. (19) to suggest that rab11-GTP may be required for transfer of receptors from the sorting endosome to the recycling compartment. These authors attributed the inhibitory effect of the constitutively active (GTP) form of rab11 on recycling to its promoting the diversion of transferrin from a fast cycle (direct return from the sorting endosome) to a slower cycle that involves passage through the pericentriolar recycling endosome. We regarded this explanation as problematic because the inhibitory effects of the rab11 wild type and its constitutively active mutant were observed in cells that, before the recycling assay, were submitted to a 30-min chase incubation, so that essentially all of the marker must have been transferred already to the recycling compartment. Although we also conclude that the active form of rab11 is required for the transfer of receptors from sorting endosomes to the recycling compartment, we propose that the constitutively active form of rab11 (Q70L) acts by inhibiting exit of the transferrin receptor from this compartment to the plasma membrane because this step requires hydrolysis of GTP on rab11. The similar inhibitory effect of overexpression of wildtype rab11 could be explained if this protein is also in the GTP configuration due to limiting levels in cellular GAP activity. The residual recycling of transferrin molecules interiorized at 37°C observed in cells expressing the Q70L mutant form (GTP) of rab11 could be caused in part by retrograde transport from recycling to sorting endosomes (8) , from where receptors could be delivered to the cell surface.
The fact that expression of neither the constitutively active form nor of the wild-type rab11 caused a significant impairment in the capacity of the cells to recycle transferrin molecules that accumulated in the sorting endosome (whereas the recycling of these molecules was impaired in cells expressing the dominant negative rab11 mutant) suggests that direct transfer from sorting endosomes to the cell surface takes place in a process that, although requiring the active form of rab11, does not require the hydrolysis of its bound GTP. Thus, the inhibitory effects of the dominant negative form of rab11 on the recycling of molecules interiorized at either temperature lead us to conclude that the active form of this rab protein is required for exit from the sorting endosome, irrespective of the direction of transfer, i.e., directly to the cell surface or to the pericentriolar compartment.
The proposal that transport to the cell surface from the pericentriolar recycling compartment requires hydrolysis of GTP on rab11 may appear to be in conflict with the observation (31) that recycling of transferrin from the pericentriolar compartment in streptolysin-O-permeabilized CHO cells is not affected by the addition of the nonhydrolyzable GTP analog GTP␥S. However, in those experiments, labeled transferrin had been allowed to accumulate in the pericentriolar recycling compartment before permeabilization of the cells and addition of the GTP analog. Therefore, the accumulation must have been promoted by rab11 activated with endogenous GTP, whose hydrolysis supported the exit of transferrin toward the plasma membrane after permeabilization of the cells.
The fact that, in contrast to the insignificant effect of the Q70L mutant, the dominant negative (S25N) form of rab11 substantially inhibited transferrin recycling from the compartment that is loaded during endocytosis at 16°C must be reconciled with the finding by Ullrich et al. (19) that the very early phase of recycling-which occurs during the first few minutes after internalization of surface-bound transferrin-is unaffected by expression of either of the rab11 mutants. We suggest that this extremely rapid recycling (that shows no measurable lag and is independent of rab11) takes place from a very early endosomal compartment, proximal to the sorting endosome-possibly a fraction of uncoated primary endocytic vesicles that at 37°C returns directly to the plasma membrane. During endocytosis at 16°C, however, the internalized ligand must be effectively transferred to sorting endosomes even in FIG. 4 . The constitutively active (Q70L) and wild-type rab11 do not inhibit recycling at 37°C of 125 I-transferrin molecules internalized during a previous incubation at 16°C, although the dominant negative form (S25N) of rab11 still inhibits recycling. This experiment was carried out as that in Fig. 3 , except that the cells were loaded with 125 I-transferrin for 1 h by incubation at 16°C rather than at 37°C.
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Proc. Natl. Acad. Sci. USA 95 (1998) the presence of the S25N mutant so that the compartment capable of rapid recycling does not contribute measurably to the recycling that takes place during the subsequent incubation of the cells at 37°C. This argument assumes that fusion of endocytic vesicles with sorting endosomes does not involve rab11. Presumably, that process involves rab5, which has been shown to control fusion between early endosomes and between them and endocytic vesicles (10, 32, 33) . Our observations suggest that the active form of rab11 is required for the formation of vesicles that, emerging from sorting endosomes, are capable of carrying receptors either to the pericentriolar compartment or directly to the plasma membrane. Although the predominant model for rab protein function assigns them a role in vesicle docking and fusion (9) , there is also considerable evidence that certain rabs may function to promote vesicle formation in donor compartments (15, 34, 35) .
It remains to be explained why GTP hydrolysis on rab11 would be a requisite for the transport of receptors out of the pericentriolar compartment toward the plasma membrane but not from sorting endosomes. It is possible that the active form of rab11 is necessary for the transport of vesicles to the recycling compartment because it promotes their association with microtubules responsible for their concentration in the pericentriolar region. Transport out of this region to the plasma membrane then would involve dissociation from microtubules, and this may require hydrolysis of GTP. Recent work (36) has provided the first example of a direct interaction between a rab protein (rab6) and a kinesin-like microtubuledependent molecular motor. It is possible that rab11 functions in a similar manner.
